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tem, and When the steady-state condition is detected, the 
simulator determines a state, and subsequently simulates the 
system at a skip-ahead time using this determined state, or 
a predicted state based on the determined state. Convergence 
analysis is used to determine Whether the system is at, or 
approaching, a steady-state condition. This convergence 
skip-ahead process achieves faster analysis by avoiding the 
computation that Would conventionally be required to simu 
late the system behavior during the time interval that is 
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SIMULATION WITH 
CONVERGENCE-DETECTION SKIP-AHEAD 

This Application claims the bene?t of Provisional Appli 
cation 60/279,895, ?led 29 Mar. 2001 noW abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to the ?eld of simulation, and in 

particular to the enhancement of a simulator’s performance 
via convergence-detection. 

2. Description of Related Art 
Simulators are commonly used to determine and/or verify 

the expected operation of a system, often before the system 
is built. A description of the system is encoded as a simu 
lation model, along With a description of example initial 
conditions and subsequent input stimuli that are to be 
applied to the system. The simulator initialiZes the model 
based on the given initial conditions, and then proceeds to 
apply the sequence of input stimuli to the model. As the 
initial conditions and subsequent stimuli are applied, the 
simulator determines the effects of these events on each 
component Within the system, and alloWs the user to vieW 
these effects using, for example, graphic plots of output 
Waveforms, histograms, state diagrams, and the like. By 
modeling the system and simulating its performance given 
sample input stimuli, the operation of the system can be 
determined or veri?ed Without having to actually build the 
system. 

Another Widespread use of simulators is to determine the 
effects that might result from proposed changes to a system. 
The virtual system environment provided by simulators is 
often necessary, invaluable, and Widely used for developing 
and evaluating proposed additions to a system’s architec 
ture. OPNET Technologies, Inc. provides a suite of simula 
tion products to describe a communications system using 
networking components, technologies, and protocols. Mod 
eling and simulation also alloW a user to determine, for 
example, the effects of potential component failures in the 
system, and to evaluate the improvements that a proposed 
fail-safe con?guration may provide. Simulations are also 
considered essential as tools for validating proposals in 
system environments characterized by heterogeneity, and/or 
in large-scale topologies. Simulations also alloW for a deter 
mination of the effects that proposed changes might have to 
alleviate bottlenecks and other system de?ciencies. Such 
simulations and evaluations are often used to provide a cost 
versus bene?ts analysis for determining Whether or not a 
proposed change to the system Will provide sufficient bene?t 
to justify the cost of the change. Other prospective applica 
tions include deployment of netWork devices, con?guration 
of devices, test design of neW protocols and so on. 

In the circuit and system design ?eld, simulators are used 
to verify the proper operation of an intended design, before 
the circuit or system is built. A schematic or net-list de?nes 
the interconnection of components forming the circuit or 
system. A user speci?es a set of input stimuli, and the 
simulator propagates the effects of these stimuli through the 
components to produce a corresponding set of output events. 
Alternatively, the simulator may be con?gured to determine 
a set of input stimuli that achieves a particular goal, such as 
a set of input stimuli that facilitate an optimal detection of 
potential faults in the circuit or system. 

Because a computer-based simulation of a modeled sys 
tem or component may consume more, or less, time than the 
operation of an actual system or component, a virtual 
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2 
time-base is used Within a simulator. That is, a user may 
specify that input events E1, E2, E3, etc. occur at times T1, 
T2, T3, etc., and the simulator may report output events 
corresponding to these input events occur at times T1+D1, 
T2+D2, T3+D3, etc., Without regard to the real-time 
required by the simulator to determine and report the output 
events. Unless otherWise noted beloW, the times associated 
With simulated events correspond to the virtual time-base 
that is used by the simulator to model events and corre 
sponding outputs, and the term “clock” refers to the time 
keeping used to maintain this virtual time-base. 

To optimiZe the performance of a conventional simulator, 
the simulator is structured to be event-driven. When a 
speci?ed input event occurs, the components that are 
directly affected by this input event are reevaluated With this 
event as an input. If the output of a component changes in 
response to this reevaluation, the components that are 
directly affected by this changed output event are reevalu 
ated. This reevaluation of components continues until no 
further changes occur, that is, until all of the effects of the 
input event occur, and the system reaches a quiescent state 
corresponding to this input event. When the system reaches 
a quiescent state, the simulator is con?gured to “advance its 
clock” to the next scheduled input event, because it is knoWn 
that once the system reaches a quiescent state, it Will stay in 
this quiescent state until something forces a change. In this 
manner, although an output may be continually produced 
corresponding to this quiescent period, the simulator is not 
actually consuming real-time or resources reevaluating the 
components during this period. Thus, the effective real-time 
required to perform the simulation is substantially reduced, 
compared to a simulator that is con?gured to reevaluate each 
component at each unit of time. Typically, performance 
improvements in the order of hundred-fold or thousand-fold 
can be achieved via an event-driven simulator With quies 
cent-state advancement of its clock. 

Unfortunately, the performance improvements provided 
by a quiescent-state clock-advance can only be achieved for 
simulated systems that regularly achieve a quiescent-state. 
That is, for example, in a typical digital circuit design, the 
design is con?gured to achieve a quiescent-state prior to 
each clock transition, so that an unchanging logic value Will 
be present at each clocked device’s input, thereby assuring 
repeatable and reliable performance. In the simulation of 
such systems, When the effects of a clock transition are 
completed and the simulated system is in a quiescent state, 
the simulation time is advanced to the next clock transition. 
Many systems, hoWever, rarely achieve a quiescent state. An 
analog audio system, for example, receives a continuously 
changing input signal, and produces a continuously chang 
ing output signal. Similarly, in a netWorking system, typi 
cally designed for continuous and/or bursty-traf?c, the rela 
tionship betWeen traf?c dynamics and protocol interactions 
creates unpredictable ?uctuations in the system behavior. 
While simulating these complex systems, the simulators 
may not reach a quiescent state and, thereby, may incur long 
run-times to predict the behavior of the actual systems being 
modeled. 

BRIEF SUMMARY OF THE INVENTION 

It is an object of this invention to improve the perfor 
mance of a simulator by providing a skip-ahead process for 
non-quiescent states. It is a further object of this invention 
to provide a simulator that ef?ciently simulates non-quies 
cent systems by facilitating a skip-ahead process in the 
simulation of such a system. 
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These objects and others are achieved by a simulator and 
process that are con?gured to detect a steady-state condition 
in the simulation of a continuous system. The steady-state 
condition need not be a quiescent-state condition. When the 
steady-state condition is detected, the simulator skips-ahead 
to a next event, and uses the steady-state condition to 
determine or predict the state of the system at the time of the 
next event. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is explained in further detail, and by Way of 
example, With reference to the accompanying drawings 
Wherein: 

FIG. 1 illustrates an example How diagram for a simulator 
in accordance With this invention. 

FIG. 2 illustrates an example timing diagram of a simu 
lation in accordance With this invention. 

FIG. 3 illustrates an example timing diagram of a mixed 
mode netWork simulation in accordance With this invention. 

FIG. 4 illustrates an example block diagram of a simulator 
in accordance With this invention. 

Throughout the draWings, the same reference numerals 
indicate similar or corresponding features or functions. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The invention is presented herein using a netWork simu 
lator as a paradigm application for this invention, although 
the principles presented herein Will be recogniZed by one of 
ordinary skill in the art to be applicable to other simulator 
and similar processes. For ease of reference, the terms 
“clock-advance” and “skip-ahead” are used herein to dis 
tinguish betWeen the above described advancement of the 
simulation time based on a quiescent-state of the system, and 
the beloW described advancement of the simulated state 
based on a steady-state analysis of the system. Also for ease 
of reference, the terms “quiescent-state” and “steady-state” 
are used herein to distinguish betWeen quiescence, or lack of 
activity, and a predictable continuation of activity; that is, as 
Will be evident from the remainder of this disclosure, the 
term “steady-state” is de?ned herein as a non-quiescent 
state. 

Copending US. patent application “MIXED MODE 
NETWORK SIMULATOR”, Ser. No. 09/624,092, now US 
Pat. No. 6,820,042 ?led 24 Jul. 2000 for Alain Cohen, 
George Cathey, and P J Malloy, teaches a simulator that is 
particularly Well suited for the ef?cient simulation of com 
plex netWorks, and is incorporated by reference herein. This 
copending application presents a mixed-mode simulator and 
method that combines the advantages of both analytical 
modeling and discrete-event simulation. Traffic on the net 
Work is modeled as a combination of background-traffic and 
explicit-tra?ic. The background-traffic is primarily pro 
cessed in an analytical form, except in the “time-vicinity” of 
an explicit-event. Explicit-events are processed using dis 
crete-event simulation, and the modeled effects are depen 
dent upon the background-traf?c. At each occasion that the 
background-traffic may affect the explicit-tra?ic, the back 
ground-traf?c is par‘ticulariZed into events that are modeled 
at the loWer detail level of the explicit-traf?c. In this manner, 
the portions of the netWork that are unaffected by the 
explicit-tra?ic and that have no effect on the explicit-traf?c 
are modeled and processed at an analytical level, consuming 
minimal processing time and memory resources, While the 
portion of the netWork affected by the explicit-traf?c and the 
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4 
background-traffic that affects the explicit-tra?ic are pro 
cessed at the loWer level of detail. 

The simulator of the copending application achieves the 
performance advantages of an event-driven simulation, and 
is able to achieve some performance advantages of a clock 
advance process, even though the typical netWork that is 
simulated rarely enters a quiescent state. The performance 
improvement is achieved by only treating explicit-tra?ic as 
effect-generating events. Background-traffic is accounted 
for, but does not directly constitute events. After appropriate 
initialiZation, including the analytical processing of the 
background-traffic, the simulator advances its clock to the 
?rst explicit-traf?c event. To determine the effects of this 
explicit tra?ic in the presence of the background-traffic, the 
simulator “looks-back” a certain time period, and generates 
“implicit-events” based on the parameters of the background 
tra?ic. For example, the background-traffic may specify an 
average packet transmission betWeen nodes A and B every 
N seconds, With an average packet siZe of M bytes. When the 
simulator “looks back”, an implicit event generator at node 
A generates M-byte siZed packets every N seconds, 
addressed to node B. Parameters associated With the back 
ground-traf?c can be used to introduce some variability to 
these transmissions. These implicit events are simulated at 
the same level as the explicit-traf?c events. 

Provided that the “look-back” period is suf?ciently long, 
When the simulator reaches the time of the explicit-traf?c 
event, the simulated system Will be in a state that corre 
sponds to a likely state of the system, based on background 
tra?ic implicit events. That is, a particular netWork node Will 
have received a number of implicitly generated packets, Will 
have transmitted some of these generated packets to par 
ticular destinations, and Will have some of thc implicitly 
generated packets in its queue When the explicit-traf?c 
arrives. Thereby, the state of the netWork node can be 
expected to represent a realistic condition When the explicit 
tra?ic event arrives, and a realistic response to this explicit 
tra?ic event can be provided. 

When the effects of the explicit-event at a node are 
completed, the node is deemed to be in a quiescent state, 
relative to this explicit-event at the node, and the node is no 
longer simulated, even though the implicit-events Would 
traditionally be treated as events in a conventional simulator, 
and the node Would not be in a quiescent-state, per se. Upon 
achieving a quiescent-state, using this ‘unconventional’ de? 
nition of quiescence based only on the explicit-event, the 
simulator advances its clock to the next explicit-event, 
thereby saving simulation real-time and resources that 
Would conventionally be consumed in the simulation of 
implicit events. 
From the beginning of the look-back period until after the 

explicit-traf?c event is processed, the simulator of the 
copending application performs as a conventional event 
driven simulator. The invention of this disclosure addresses 
a technique for improving the speed of simulation of a 
conventional event-driven simulator, and is particularly Well 
suited for accelerating the performance of the simulator of 
the copending application during this look-back period. 

FIG. 1 illustrates an example How diagram of a simulation 
process in accordance With this invention. At 110, a number 
of tasks are performed, independent of this invention, to 
preprocess and postprocess the information provided to or 
provided by the simulation process. For example, any 
requested displays of output Waveforms Will be updated With 
the latest simulation result, any changes to the stimuli that 
drives the simulation process Will be processed and sched 
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uled, and so on. Such tasks are common in conventional 
simulators, and knoWn to one of ordinary skill in the art. 
At 120, the simulation process commences by advancing 

the simulation time, SimTime, to the next scheduled event. 
It is in this step that conventional simulators achieve the 
aforementioned quiescent-state clock-advance advantages. 
In a conventional simulator, the scheduled events include 
both external events (the input stimuli or conditions that are 
applied to the simulated system over time), as Well as 
internal events (the events that are produced by the compo 
nents Within the simulated system as the input stimuli is 
applied). In the simulator described in the aforementioned 
copending patent application, the internal events are not 
processed after the effects of the explicit-events are pro 
cessed, and quiescence is de?ned relative to the explicit 
events only. If the system is quiescent, there Will be no 
remaining internal events in the schedule, or, in the example 
simulator of the copending patent application, no remaining 
internal events of interest. Thus, advancing the simulation 
time to the next scheduled event at 120 provides for the 
aforementioned quiescent-state clock-advance to the next 
external event. It also provides for interim quiescent-state 
clock-advance betWeen internally generated events. 

The scheduled events for this SimTime are determined, at 
130, and applied to the corresponding elements in the 
simulated system, at 140. As noted above, only the elements 
that are potentially affected by a scheduled event are evalu 
ated, thereby further improving the ef?ciency of the simu 
lation process. The evaluation of the potentially affected 
elements may produce a change in the elements’ states, 
Which in turn produces one or more neW events at future 

times. These neW events, if any, are scheduled for subse 
quent processing by the simulator, When the simulation time, 
SimTime, advances to the scheduled time. 

In accordance With this invention, at 150, the simulator 
determines Whether the system is in a steady, albeit non 
quiescent, state. Such a non-quiescent steady-state condition 
may be, for example, the production of a periodic signal 
from a component, the production of a continuous count by 
an incrementing device, the production of continuous traf?c 
by a netWork node, the stabiliZation of queue lengths in a 
sWitching or processing node, and so on. In accordance With 
this invention, the term steady-state is used to de?ne a state 
that is substantially void of transient, or unpredictable, 
behavior. Alternatively stated, a steady-state is a state from 
Which a future state can be predicted. In the example of the 
detection of a periodic signal, such as an oscillation, the 
future state can be predicted based on the determined phase 
of the signal at a future time, absent an external event that 
may change its phase. In the example of a netWork node that 
is producing continuous traf?c, the node can be predicted to 
produce this same continuous traf?c at a future time, absent 
an external event that may change its traf?c pattern. In the 
example of a queuing node, the average queue lengths (the 
number of items in the queue) and/or average queue times 
(the duration of time that an element remains in the queue) 
can be expected to remain stable, absent a change of How to 
or from the node. 

In a preferred embodiment, convergence-analysis is used 
to determine Whether a system is in a steady-state condition, 
or approaching a steady-state condition. In the analysis of 
sWitching netWorks, for example, background traf?c is com 
monly modeled as a stochastic process, and the nodes of the 
netWork are modeled as multiple-input, multiple-output 
queues. Convergence-analysis is used in this example to 
determine When and if the queues have achieved a steady 
state condition. If the change of each queue length of a node 
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6 
is Within a given limit, the node is deemed to have converged 
to a steady-state condition, even though the node is not, per 
se, quiescent. These and other techniques for determining a 
steady-state condition Will be evident to one of ordinary skill 
in the art in vieW of this disclosure, and are discussed further 
beloW. 

If, at 160, a steady-state condition is not detected, the 
simulator loops back to repeat the above described simula 
tion process of blocks 110*160. If a steady-state condition is 
detected, the simulator of this invention determines an 
appropriate skip-ahead amount, based on the next scheduled 
external event, at 170. Depending upon the particular appli 
cation, the simulator may be con?gured to skip-ahead all the 
Way to the next scheduled external event, or it may be 
con?gured to skip-ahead to a particular period before the 
next scheduled external event, so as to appropriately con 
dition the simulated system for the next scheduled external 
event. For example, in the oscillation example, the simulator 
is preferably con?gured to skip-ahead by a Whole number of 
periods of the oscillation. In this manner, the state of each 
element remains the same, and a phase-adjustment calcula 
tion need not be performed. In the example of the netWork 
node that is providing continuous traf?c, the particular state 
of the nodes affected by this continuous tra?ic at the time 
that the steady-state condition is detected can be considered 
representative of any future time While the node remains in 
this steady-state condition. In such an example, the skip 
ahead time can be arbitrarily set at some time equal to, or 
prior to, the next scheduled external event, and the state of 
the nodes can be assumed to be valid at this set time. In the 
example of a queuing node, the steady-state distribution of 
the queue lengths can be used to estimate the queue length 
at the time of the next external event. 
At 180, the state of the system is advanced. In general, 

Whatever information is required to place the system in the 
determined or predicted steady-state condition is carried 
forWard by the determined skip-ahead amount. This infor 
mation is dependent upon the particular simulation technol 
ogy. In the case of a netWork node, this information may be 
the steady-state distribution of the various contained queue 
siZes. Because the state of a node is de?ned by its current 
queue parameters, the steady-state skip-ahead mechanism 
initialiZes the queue parameters to the determined steady 
state queue parameters at the time of the next explicit event. 
Thereafter, the node is simulated With these assumed queue 
parameters at the time that the next explicit event arrives. In 
the example of a circuit simulator, the information required 
to advance or predict the state of the system at the deter 
mined skip-ahead time may be the voltage and current levels 
at a plurality of nodes, as Well as any scheduled changes to 
these voltages and currents. 
Upon advancing the steady-state by the skip-ahead 

amount, at 180, the simulator loops back to repeat the 
simulation process 110*180. Note that the simulation time 
SimTime is advanced to 120, and at this time, the system is 
simulated at under the determined or predicted steady-state 
condition. 

FIG. 2 illustrates an example timing diagram of the 
skip-ahead process discussed above, in a general case. The 
external events 210 and internal events 220 are illustrated as 
occurring at particular times in the simulation time refer 
ence, SimTime. At some point in time 230, the simulator in 
accordance With this invention detects a steady-state condi 
tion, and prepares to advance the state by a skip-ahead 
amount. As noted above, the skip-ahead amount may be 
related to the periodicity of the steady-state phenomenon, or 
it may be an arbitrary ?gure, or it may be solely dependent 
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upon the next external event 250, depending upon the 
particular application. In FIG. 2, the skip-ahead time 240 is 
illustrated as being prior to the next scheduled external event 
250, for generality. 

In the netWork simulation example, at time 230 the steady 
state is detected. Parameters corresponding to this steady 
state (for example, the steady state probability distribution 
of number of packets in a queue) are used for estimating the 
state of the system at time 240, Which Will generally 
correspond to the next external or explicit event 250. The 
steady-state distribution characteriZation may be related to 
the arrival and departure process of packets Within a queue, 
or it may be a snapshot of the queue siZe at any random time 
Within a certain past simulation time (e.g., betWeen 210 and 

230). 
Also illustrated in FIG. 2 are internal events 235 that may 

have been scheduled to occur after the time 230. If the state 
of the system is dependent upon these scheduled events, 
these events 235 are rescheduled as events 235', relative to 
the skip-ahead time 240. 

FIG. 3 illustrates an example timing diagram of the 
skip-ahead process of this invention, in the context of the 
mixed-mode simulator of the referenced co-pending patent 
application. The example mixed-mode simulator simulates 
the arrival and departure of packets through a netWork. 

In FIG. 3, packet arrivals are indicated by up-arroWs, and 
packet departures are indicated by doWn-arroWs. Explicit 
events, indicated by the taller arroWs, are used to trace the 
performance of the system as explicit-packets traverse the 
netWork. To provide for a realistic simulated performance, 
the explicit-packets are simulated in the context of traveling 
amid typical background tra?ic. The user of the simulator 
speci?es the parameters of sets of background traf?c, such as 
the average packet siZe, average packet arrival rate, and so 
on, as Well as variances associated With these averages. 

Because the simulated performance of the system is 
analyZed in the context of the explicit-events, the mixed 
mode simulator of the copending application is con?gured to 
only simulate a netWork component (node) When an explicit 
event is being processed by the node. In the netWork 
simulator of the copending application, explicit and implicit 
traf?c arrive at a node generally in the form of packets. The 
simulation of the node includes placing the arriving packets 
(up arroWs) into one or more queues, and subsequently 
removing packets (doWn arroWs) from these queues upon 
service completion before they are routed to other nodes. In 
accordance With the principles taught in the referenced 
copending application, When the explicit-packet is removed 
from the node, at 310, this node need no longer be simulated, 
and the simulation time for this node is advanced to the next 
scheduled explicit-event at this node. 
As is knoWn in the art, the propagation of a packet through 

a node is dependent upon a variety of conditions, including 
hoW many other packets the node is processing When the 
packet arrives. In order to realistically simulate the arrival 
320 of an explicit-traffic packet at a node, the node must be 
placed in a realistic state, to accurately re?ect the processing 
of the explicit-traffic packet When it arrives. The mixed 
mode simulator of the copending application is con?gured to 
determine the state of the node by looking-back a certain 
period, to 330, and to thereafter simulate the effects of 
background traf?c on the node, from that point on, before the 
explicit-tra?ic packet arrives, at 320. This look-back time 
330 is selected to be suf?ciently prior to the explicit-event 
time 320 so that the condition of the node at the time of 
arrival of the explicit-traf?c packet realistically portrays the 
effects of the background traf?c. HoWever, the processing of 
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8 
background traf?c as implicit packet events is a time 
consuming process, and the duration of the look-back period 
can have a substantial impact on the time required to 
perform the simulation. In a preferred embodiment, the 
look-back time is de?ned as 310, Which is the previous 
explicit external event. 

In accordance With this invention, When the simulation of 
the background traf?c produces a steady-state condition, at 
340, the simulator is con?gured to skip-ahead to the time of 
arrival of the explicit-traffic packet, at 320. The steady-state 
information is used for estimating the state of the node, 
typically a set of queue lengths corresponding to the de?ned 
queues Within the node, at time 320. Thereafter, the pro 
cessing of the arrival of the explicit-event at 320 With these 
queue parameters is simulated, along With the continuing 
processing of background traf?c (i.e. arrival of subsequent 
implicit-packets). When the explicit-event is removed from 
the node, at 360, the simulation time is again advanced to the 
next explicit-event, as discussed above. 

FIG. 4 illustrates an example block diagram of a simulator 
in accordance With this invention. The simulator 400 
includes a controller 410 that controls the interaction among 
each of the subsystems 420*460, and other optional sub 
systems. An input/output processor 420 provides the user 
interface to the system. An external event processor 430 
provides the processing of user speci?ed input stimuli or 
conditions to the simulated system, and provides scheduled 
events to a scheduler 440. The scheduler 440 provides the 
required scheduling and control of both external events, 
such as those caused by the speci?ed input stimuli, and 
internal events, such as those produced in response to the 
external events. An evaluator 450 evaluates the elements 
comprising the simulated system, as the scheduled events 
arrive, and produces neW events for scheduling, based on 
these input scheduled events. 

In accordance With this invention, the simulator 400 
includes a steady-state deterrninator 460 that is con?gured to 
determine Whether the simulated system is in a steady-state 
condition, and, if so, to skip-ahead to the next scheduled 
external event, as detailed above. 
As noted above, any of a variety of techniques may be 

applied to determine Whether a system is in a steady-state 
condition. In the oscillation example above, a Fourier analy 
sis may determine a continuous oscillation. In the netWork 
ing example above, statistical-analysis techniques may be 
employed to determine Whether a system or node is in a 
steady-state condition. Predictive techniques may also be 
used to determine a future steady-state condition. In the ?eld 
of circuit simulation, for example, a voltage from a device 
may be evaluated to determine Whether it is asymptotically 
approaching a steady-state value, and the simulation can 
skip-ahead to the next external event, at Which time the 
predicted value of the voltage is used. 

In a preferred embodiment of this invention for netWork 
simulation, the steady-state condition is determined based 
on a convergence of time averages associated With the queue 
siZes for queues through Which traf?c ?oWs. If the packet 
arrival rate to a queue is less than that queue’s packet service 
rate, then, an incoming explicit or implicit packet may not 
encounter any simulation Wait-time before getting pro 
cessed. Since these packets Will not be contending With other 
packets existing in the queuing sub-system, these Will get 
processed quickly (i.e., Without any internal packet arrival 
departure modeling). HoWever, for high packet arrival rate 
(for implicit and/or explicit packets), the time it takes to 
reach a steady state, or convergence, increases, as there are 
many packets contending for a common resource. 
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To determine queue siZe convergence, a variety of analy 
sis techniques may be applied. In a straightforward embodi 
ment, for example, a running average of each of the queue 
lengths may be computed, and When each of the averages are 
contained Within a pre-speci?ed threshold value, a steady 
state condition is declared. A Weighted average may also be 
used to give more or less signi?cance to prior events. 
Alternatively, the number of packets processed per ?xed unit 
of time may be computed, and the stability of this number 
can be used to determine convergence to a steady-state 
condition. Other analysis tests, including conventional sta 
tistical tests, may also be employed to determine Whether a 
system or component Within a system is in a steady state 
condition. 

In a preferred embodiment, the queue siZe convergence to 
a steady-state is based on three succeeding time periods 
Whose lengths increase geometrically (the second period 
being tWice as long as the ?rst one and the third period being 
tWice as long as the second one). The ?rst (shortest) time 
period should be at least an order of magnitude larger than 
the average interarrival time of implicit packets produced by 
the background tra?ic at a node. If the averages of the queue 
length statistic samples obtained for these three time periods 
differ by less than a threshold value, the system is de?ned as 
being in a steady state condition. Optionally, the second 
moment information (variance) of queue-lengths Within 
each time period can also be used as a criterion for declaring 
a steady state condition As Would be evident to one of 
ordinary skill in the art, conventional statistical techniques, 
such as Analysis of Variance (ANOVA) techniques, may 
also be used to determine a steady-state condition in vieW of 
this disclosure. 

The foregoing merely illustrates the principles of the 
invention. It Will thus be appreciated that those skilled in the 
art Will be able to devise various arrangements that, although 
not explicitly described or shoWn herein, embody the prin 
ciples of the invention. For example, the invention is pre 
sented using examples Wherein the simulated system 
achieves a steady-state condition. As Would be evident to 
one of ordinary skill in the art in vieW of this disclosure, the 
steady-state skip-ahead can be applied to sub-systems, or 
components, Within the simulated system as Well. In the 
example of mixed-mode simulator, netWork nodes can be 
evaluated independently for achieving a steady-state condi 
tion, and the scheduled events at each node can be suitably 
adjusted based on this evaluation. These and other system 
optimiZations Will be apparent to one of ordinary skill in the 
art, and are thus Within the spirit and scope of the folloWing 
claims. 
We claim: 
1. A method of simulation of a modeled system, compris 

ing: 
evaluating the modeled system in response to stimuli at a 

?rst time, to produce a subsequent state of the modeled 
system corresponding to a second time, 

determining Whether the modeled system is in a non 
quiescent steady-state condition at the second time, and 

if the modeled system is not in the non-quiescent steady 
state condition: 
evaluating the modeled system from the second time 

and beyond, based on the subsequent state; and 
if the modeled system is in the non-quiescent steady-state 

condition: 
de?ning an initial state of the modeled system at a 

skip-ahead time that differs from the second time, 
based on the non-quiescent steady-state condition, 
and 
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10 
evaluating the modeled system from the skip-ahead 

time and beyond, based on the initial state, 
Wherein the non-quiescent steady-state condition 

includes: 
at least one substantial change Within the modeled 

system betWeen the ?rst time and the second time, 
and 

a prediction state from Which the initial state is deter 
mined. 

2. The method of claim 1, Wherein 
the skip-ahead time is dependent upon a next scheduled 

external event that is to be applied to the modeled 
system. 

3. The method of claim 1, further including 
predicting the initial state, based on the non-quiescent 

steady-state condition. 
4. The method of claim 1, Wherein 
the initial state corresponds to a time-shift of the subse 

quent state. 
5. The method of claim 1, Wherein 
determining Whether the modeled system is in the non 

quiescent steady-state condition includes 
collecting one or more statistics related to prior states 

of the modeled system, and 
comparing the one or more statistics to one or more 

threshold values. 
6. The method of claim 5, Wherein 
the modeled system includes a node having a queuing 

element, and 
the one or more statistics includes at least one of: 

an average of queue measures of the queuing element, 
corresponding to prior states of the node, and 

a variance of the queue measures of the queuing 
element. 

7. The method of claim 6, Wherein 
the queue measures include at least one of a queue length 

and a queuing delay. 
8. The method of claim 6, Wherein 
the node further includes a plurality of other queuing 

elements, and 
the one or more statistics further include statistics based 

on queue measures associated With each of the other 
queuing elements. 

9. The method of claim 1, Wherein 
the modeled system comprises a plurality of elements that 

receive background-traffic and explicit-traf?c, and 
the stimuli include implicit events that are provided based 

on parameters of the background-traffic. 
10. The method of claim 9, Wherein 
the ?rst time corresponds to a look-back period relative to 

a time of an explicit event of the explicit-tra?ic. 
11. The method of claim 10, Wherein 
the skip-ahead time corresponds to the time of the explicit 

event. 

12. The method of claim 1, Wherein 
determining Whether the modeled system is in the non 

quiescent steady-state condition includes 
determining Whether a parameter associated With the 

subsequent state is converging to a predictable value. 
13. A simulator comprising: 
an external event processor that is con?gured to provide 

input stimuli to a modeled system, 
an evaluator that is con?gured to evaluate elements of the 

modeled system based on scheduled input events, and 
to produce therefrom changes of state of one or more 

elements, and output events, 
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a scheduler that is con?gured to receive scheduled exter 
nal events corresponding to the input stimuli, and the 
output events from the evaluator, and to provide there 
from the scheduled input events to the evaluator, 

a controller that is con?gured to manage and provide a 
simulation time measure to the scheduler, for determin 
ing the appropriate scheduled input events that are 
provided to the evaluator, and 

a steady-state determinator that is con?gured to determine 
Whether one or more elements of the modeled system 
are in a non-quiescent steady-state condition, 

Wherein: 
the non-quiescent steady-state condition of the one or 
more elements includes: 
at least one substantial change at the one or more 

elements, and 
a prediction state from Which future state information 

can be determined, and 
if the one or more elements are in the non-quiescent 

steady-state condition: 
the scheduler is further con?gured to provide the future 

state information corresponding to the state of the 
one or more elements at a skip-ahead time, and 

the evaluator is further con?gured to evaluate the one 
or more elements, based on the state information 
corresponding to the state of the one or more ele 
ments at the skip-ahead time. 

14. The simulator of claim 13, Wherein 
the scheduler is further con?gured to adjust one or more 

of the scheduled input events relative to the skip-ahead 
time, based on Whether the one or more elements are in 

the non-quiescent steady-state condition. 
15. The simulator of claim 14, further including 
an input/output processor that is con?gured to receive 

user input related to the input stimuli and the modeled 
system, and to provide an output related to one or more 
of the output events. 

16. The simulator of claim 13, Wherein 
the skip-ahead time is based on a time of an event of the 

scheduled external events. 
17. The simulator of claim 13, Wherein 
the steady-state determinator determines Whether the 

modeled system is in the non-quiescent steady-state 
condition based on one or more statistics related to 

prior states produced by the evaluator. 
18. The simulator of claim 17, Wherein 
the modeled system comprises a plurality of elements, 

and 
the one or more statistics includes at least one of: 

an average of a measure related to prior states of an 
element of the plurality of elements, and 

a variance of the measure. 

19. The simulator of claim 17, Wherein 
at least one of the plurality of elements includes a queuing 

element, and 
the measure includes at least one of a queue length and a 

queue time. 
20. The simulator of claim 19, Wherein 
the at least one of the plurality of elements further 

includes a plurality of other queuing elements, and 
the one or more statistics further include statistics based 

on queue measures associated With each of the other 
queuing elements. 

21. The simulator of claim 13, Wherein 
the modeled system comprises a plurality of elements that 

receive background-traffic and explicit-tra?ic, and 
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12 
the external event processor is further con?gured to 

provide scheduled implicit events to the scheduler, 
based on parameters of the background-tra?‘ic. 

22. The simulator of claim 21, Wherein 
the external event processor provides the scheduled 

implicit events based on a look-back period relative to 
a time of an explicit event of the explicit-tra?ic. 

23. The simulator of claim 22, Wherein 
the skip-ahead time corresponds to the time of the explicit 

event. 

24. The simulator of claim 13, Wherein 
the steady-state determinator is con?gured to determine 

Whether one or more elements of the modeled system 
are in the non-quiescent steady-state condition based 
upon Whether a parameter associated With the changes 
of state are converging to a predictable value. 

25. A computer program on a media suitable for operating 
on a computer system, Which, When executed by the com 
puter system, causes the computer system to: 

evaluate a modeled system in response to stimuli at a ?rst 
time, to produce a subsequent state of the modeled 
system corresponding to a second time, 

determine Whether the modeled system is in a non 
quiescent steady-state condition at the second time, and 

if the modeled system is not in the non-quiescent steady 
state condition: 
evaluate the modeled system from the second time and 

beyond, based on the subsequent state; and 
if the modeled system is in the non-quiescent steady-state 

condition: 
de?ne an initial state of the modeled system at a 

skip-ahead time that differs from the second time, 
based on the non-quiescent steady-state condition, 
and 

evaluate the modeled system from the skip-ahead time 
and beyond, based on the initial state, 

Wherein the non-qulescent steady-state condition 
includes: 
at least one substantial change Within the modeled 

system, and 
a prediction state from Which the initial state is deter 

mined. 
26. The computer program of claim 25, Wherein the 

program is con?gured to cause the computer system to 
determine Whether the modeled system is in the non-quies 
cent steady-state condition based on 

a comparison of one or more statistics related to prior 
states of the modeled system to one or more threshold 
values. 

27. The computer program of claim 26, Wherein 
the modeled system includes a node having a queuing 

element, and 
the one or more statistics includes at least one of: 

an average of queue measures of the queuing element, 
corresponding to prior states of the node, and 

a variance of the queue measures of the queuing 
element. 

28. The computer program of claim 27, Wherein 
the queue measures include at least one of a queue length 

and a queue time. 

29. The computer program of claim 28, Wherein 
the node further includes a plurality of other queuing 

elements, and 
the one or more statistics further include statistics based 

on queue measures associated With each of the other 
queuing elements. 



US 7,219,047 B2 
13 

30. The computer program of claim 25, wherein 
the modeled system comprises a plurality of elements that 

receive background-traf?c and eXplicit-tra?ic, and 
the stimuli include implicit events that are provided based 

on parameters of the background-traf?c. 
31. The computer program of claim 30, Wherein 
the ?rst time corresponds to a look-back period relative to 

a time of an explicit event of the eXplicit-traf?c. 
32. The computer program of claim 31, Wherein 
the skip-ahead time corresponds to the time of the explicit 

event. 

33. Amodule for use in a computer program, Which, When 
executed on a computer system, causes the computer system 
to 

determine Whether a simulated element in a modeled 
system is in a non-quiescent steady-state condition, to 
facilitate: 
a determination of an initial state of the simulated 

element at a skip-ahead time, and 
a subsequent simulation of the simulated element at the 

skip-ahead time, based on the initial state of the 
simulated element at the skip-ahead time, 

Wherein 
the non -quiescent steady-state condition includes: 
at least one substantial change at the simulated element, 

and 
a prediction state from Which the initial state of the 

simulated element is determined. 
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34. The module of claim 33, Wherein the module is 

con?gured to cause the computer system to determine 
Whether the simulated element is in the non-quiescent 
steady-state condition based on 

a comparison of one or more statistics related to prior 
states of the simulated element to one or more threshold 
values. 

35. The module of claim 34, Wherein 
the simulated element includes a queuing element, and 
the one or more statistics includes at least one of: 

an average of queue measures of the queuing element, 
corresponding to prior states of the simulated ele 
ment, and 

a variance of the queue measures of the queuing 
element. 

36. The module of claim 35, Wherein 
the queue measures include at least one of a queue length 

and a queue time. 

37. The module of claim 36, Wherein 
the simulated element further includes a plurality of other 

queuing elements, and 
the one or more statistics further include statistics based 

on queue measures associated With each of the other 
queuing elements. 


